T

NACA RM NO, 9D13

G

85 o
COFPY NO. C coni YRILABLS S RM NO, 9D13
SV
— N
2N

RESEARCH MEMORANDUM

CLASSHOMAARV QN SHANGIENBILITY AND PERTORMANCE
UN CLASS]FFE@LPMS OF HIGH OCTANE NUMBER FUELS

ovmu

R e tre 4

DcrH Lz’ M»’ = )
sutherity of # ‘e’V’/)V Bats ¢ XLV

ﬁ;‘ZﬁM. L7 LT 4‘“"?"733’ el ki y

NACA Subcommittee on Aircraft Fuels

CLASSIFIED DGCUMENT

This doeument contains classified information affecting the
Natior 1] Defense of the United States within the meaningof
the Espionage Act, U.S.C. 50:31 and #2. Ity or-usmasi-n or
the revelr tirnof is contents 1n any m.-nnenmm nnanth.orized

- gon is prohib, ed by 'aw. Infocnrviina ™ clase, fird n aybe
imna:-ted onir 13 persons iu the mditary and navs’ Lervices
of the United Strees. stpropriste citilian officcvs ard
employees of the Fulera! Government who have alegitimate
interest therein, snd to United States citizens of known
loyalty and diseretion who of neceasity must be informed

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS Ly

WASHINGTON ~ ~ === "”‘f‘f et it

APRIL 15, 1949

JNEVAITARLE
o .



UNAVAILABLE

III‘N'WHII il |IWHMIW

176 01434 36

NACA RM No. D13

NATIONAL ADVISORY COMMITTEE FOR AEROMAUTICS

RESEARCH MEMORANDUM

SUMMARY OF THE AVAILABILITY AND PERFORKANCE

'PROBLEMS OF HIGH OCTANE NUMBER FUELS

b

By

NACA Subcommittee on Alreraft Fuels

/ ' | | smmgRY '
A studj has.been conducted by the NACA Subcommittee on Alroreft

Fuels of the NACA Committee on Power Plants to determine the possible
blending agents or additives that may be used to supplement ourrent
high performence number, rich rating compengnts in future aviation
fusls., These compounds have been surveyed with a view to their appli~
cation in Grades 100/130 and 115/145 eviation fuels containing 4.6 ml
TEL per gallon and in aviation fuels containing only .3.0 ml TEL per,
gellon byt meeting the same. rich perrbrmance ratlng,-- ' ..
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This study'of ‘the availabillty of . high octene number erls in rela=.

tion to their performance appears to indiOgﬁe that such high rich reting - .
blending agents as toluene and. xylene cannot be mede availebls in suffi- .

cient quantities to meintain the rich_rating performance of the fusls-
when reducing the leed content from 4,6 to- 3.0 ml per. gallon. These
aromgtic blending components could, however, be produced im suffipient -
inoremental quantities to owvercome the posslble lack in avallabllity

of cumene, L . : . Do

This study ha& aslso indicated thet the requirementg'for'ethers
are gbout the same as for toluens and xylene as components to improve
rich mixture performence. . Certsin ethers.gave an e¥en bettef:lknock+
limited performance than gvigtion slkylete, Because of the ldéék of -
service experience snd leck'of well=déveloped production facilities a
ocmplete evaluation of ether- cannot be made at this time.

It would appsar that aramatic amines eould be made avelilable in
sufficlent quantities to maintain rich mixture performgnce characteris-
tics at the ‘3,0 ml pef alion lead level wlthout signifioantly affécting
eveilebility. However, & rathér extensive engine.test’ program must be
underteken to establish performance of emine-containing blends in' the
most sdvanced enginesd under various types of operations before the arc~
matic emines ocan be counted 'updén in any long~range progrem.

.
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INTRODUCTION

The NACA Subcommittee on Airoraft Fuels of the NACA Committee
on Power Plants has been informed that the utility of some of the
newer lomg-range United States Air Force eircraft hes been limlited
due to lead fouling of spark plugs aend valves, Although this sub-
committee has previously gdvised Military Services that relief from
the lead fouling problem could be attained through the use of im=
proved models of spark plugs now available or under development, use
of improved lead scavengers and through better control of engine
temperetures, the possiblility of using lower lead content fusls should
not be overlooked. It was, however, the expressed desire of the Ser-
vices to maintein the rieh mixture rating of the fuel, This would
require the use of edditional quantities of components with high rich
mixture ratings. The "ubcommittee, therefore, undertock to survey the
possible supplementary sources of high performance number, rich rating
components for aviation gesolines whioh would mest.currently specified
rich performance nmumbers (F-4) of 130 end 145 but would contein only
3.0 ml TEL per gallon. These supplementary materials inoclude arqmatlcs,
ethers, and aromatlic emines, . )

The  problem of supplying 8 sufficient gquantity of high performance
number, rich rating oomponents hes been recently intensified by a re-
view of chemical requirements for benzene under emergency conditions
prepared by the National Security Resources Board, This survey would
indloate thet no benzene will be aveilable for the manufacture of cumene
for aviation gasoline blending. The suboommittee has surveyed the
available information on aromatics, ethers and aromstic emines to
determine possible blending egents or sdditives that might be substi-
tuted for cumene in future aviation fuela, It 1s the purpose of this
report to present the resulte of this survey.

This review of the gvailable information on cumene substitutes
should not be construed as a recommendation by the subcommittee’ that
the lead fouling problem can most easily be resoclved by lowering the
lead content of aviation fuels. ,The information contained hsrein does,
however, indicate the cost and problema involved in lowering the lead
content so that a more accurate comparison cen be mede between this
method and other methods of allevlating the lead foullng ‘problem,

The members of the Subcommittee on sircraft Fuels when this study
was made were: .

Mre. We M. Holaday. Chairman o Hr. Floyd G, Dougherty

-

Mr. B. C, Phillips Dr. D. P. Barnard.,

Commander R..J. Hoyle, USN ' . Mr. A. J. Blackwood,
Mr, Doneld B. Bfoeks - . Mr, S. De Heron
“#r, Kenneth S..Cullom : * .. Dre. J. Bennett Hill

Dr. L. C.-Gibbons e Mr, .Ce Re. Johnson -
Dr. W. E. Kuhn .
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Mr, T. L. ApjJohn, Professor G. G. Lamb, 'end Mr, Henry C. Barnett haw
been of considerable assistence to the subccarmiittee in its prepora-
tion of this report.

'DISCUSSION (F RESULTS

Refercnce wiil be made in subsequent para,,raphs to the "prosent
plan” and tho "clternate plan." "Present plan” refers to the produc-
tion of either Grede 115/§h5 or Grade 1C0/130, or both, containing
4.6 ml TEL per gallon. "Alternate plen" refers tc the prod.uction of a
Grede 145 or Grade 130, or Both, containing only 3,0 mi TEL per gallon,
In the "alternate pla.n, " only the rich mixture performerice (F-4) nun-
ber is specified, the lean mixture (F-3) performance nuibér gensrally
being somewhat lower than 115 and 100 in the Grades lhﬁ and 130, res-
pectively. _ . L .-

Availnbility of end Reaquirements for Rich ‘Mizxture Blending A;:en{:s.
The report of the Military Petroleur Advisory Board Alrcraft Fuels Com-
mittes, ontitled “Sumary Rerort-on the Potential Prod.uction of High ., .
Antiknock Aviation Fuels," predicates potential nroduction on the basis
of the availability of T5C0 barrels per day of benzene o prod.uce 10,000,
barrels por doy of cumene, The report points out that this q_urmtity of
high rich rating bdlending stock must he nnde avallable if optimun pro-~
ducticn rates are to be atiained frem presently installed facilities.
Production capaeclty is sdversely affecited regerdless of whether all
Grade 115/145 or Grade 1C0/130 or some intermediate quantities of each
are produced,

t

A recent review of chenlcal requirerments feor benzene under emer-
gency condltions, prepared by the Hatlonal Security Resources Bosyd;: -
would indicate that no benzene wlll be avallable for the manufacture -
of cumene for aviatlon gasoline blending. This situntlon mnkes more
difficult the problem of maintaining a high rich mixture antiknock’ O
guality levol vhen reducing the lend content from 4.6 to 3.0 ml per ;
@ollon, It has been estoblished that under these conditions approxiz 1~
matcly 32,00C barrels per day of cumecne using 2k,000 barrels per day of
benzone would be required to maintain the rich rating levels =nd, at
the same tirme, mexirmum availability of Gredes 130 and 145, This is-
obviously immossible in the light of benzene supplies, --Other scurces
of high ouality rich mixture blending ugents ruat then 'be mvestigated

Appendix & of this report sumarizes rost of 'bhe informticn ewila-’
ble on the ercmetics and ethers which in the pdst have been mvestigated
as possiblo blending agents for aviction gasoline. Ko arcrritic hydrocor-
bons boiling in a range higher than cumrene can-be cdonsidered suitable--- & ™
substitutes because of fuel volatility specification limitations., With
the use 'of bonzene automatically eliminatod 'because 6f limited availabi-
1ity and the high cost in terms of both invesiment and steel require- -
ments to suppleoment the supply from petrolcum sources, cnly ethyl becnzene,
n-xylenc, p-xXylene and toluene remain,
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It would appear tﬁaﬁ”ethyl benzene, per se, could b8 immediately
eliminated, During the last war snd during- any emergency in the near
future, requirements for etihryl benzene would be fulfilled:by the alky-
letion of benzene with ethylene. ithyl bengzene 1ls present in certain v
petroleum fractions; however, any recovery therefrom would be secondary
to the recovery of m-xylene and p—xylene which would be accomplished
simulteneously. .

Toluene requirements equivalent to oumene under -the present and
alternate programs (maintaining rich ratings of 130 end 145 at 4.6
and 3.0 ml TEL per gallon, respectively) are 11,000 and 35,000 barrels
per dey, respectively. Resw stocks for the manufacture of the lower
quantity could undoubtedly be made availeble and requirements mét by
the installation of hydroformer and extraction equipment &t rather high
cost in terms of dollars and metsl requirements, The possibility of-
producing the larger guantity is highly questionable and would reguire
8 oareful study of charge stoock availability and other factors.

Xylene requirements equivalent to the cumene under the ‘present and -
elternste programe are approximately 10,800 and 34,000 barrels per day,
raspectively, This matéridl could be extracted together with toluene '
from cetelytically coracked stocks.to the extent thet they were not : .
required for direct blending (as high quality base stocks) in the 130 .. -
and 145 Gredes. Here agein, presently programmed requlraments could _
undoubtedly be-met (using 4.6 ml TEL per gallon), Meeting the alter= . d
nete progream sppears -to be 1mpossible sinoe it would eliminate the high
guality catalytically oracked stogks for direct blending.

The lack of aveilability.of arometiecs to fulfill the requirements
of the alternate program leayes.only the ethers and sromatic emines. for .
consideration as possible. gubstitytes for cumene, From the comparison
presented in Appendix A of twenty-seven aromstios and twenty-three ethers,
it appears that the better ethers and’ aromqtios are about squel in rich
mixture antiknock performance. .On the basis of -the limited data availa-
ble, the requirements for the, better ethers- methyl tert—butyl ether, ethyl
tert-butyl ether, isopropyl. tert-butyl ether . end difsopropyl ether, sre
roughly about the same as for. T, toluene. and xylena. JFor the present and
alternate prognams, these are 10,000 to 11,000.snd 34,000 to 35,000
barrels per day, respectively. These ethers:are produced by treating
the olefin with the sppropriate alcohol. Isobutylene used for ether
production would heve to come from supplies normally used for producing
aviation alkylate or hydro-scodimer, Although these ethers all have
better knock-limited performance than avistion alkylete, lack of service
experience and, lack of well~developed production facilities do not ellow
a complete evalustion of the ethers as oumene substitutes for either
present or alternate progrems.. . o _ . .

Leok of availability of” aromatics and lack of information on sethers
to fulfill the requirements of the alternate program loayes only the ' -

. W
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aromatic amines as possible blending egents to acquire the high rich
mixture retings at the 3.0 ml TEL per gallon level. The sromatic
smines gre 3.5 to 5.0 times more effective in enhancing rich mixture
quality than the eromstics from which they are derived; therefore, the
quantities required are reduced by thet ratio,

Appendix B of this report summarizes most of the informetion availa-
ble on the grometic emines, which in the psst have been investigated es
possible additives for aviation gasoline. The eflectiveness of the aro=-
matic emines in improving rich mixture rating is & function of the rich
reting level to which the gesoline is blended end is a function of the
concentration of the arometic gmine in the finished gesoline. For exam-
ple, a 1% concentrstion of mixed xylidines (CS) at the Grade 130 level
has en approximate P-4 blending index number of lOOO. On the other hand,
a 3% blend of CS at a 145 performance level hes an F-4 blending index,
number of about 650, . Since this veriation in blending index numb@r is
not typical of other arometic emines, objections have arisen to treating
the blending values of amines on the basis of “blending INEP.Y Howsver,
extensive experimentation during the pest war indicated that this wes.a
reasonably close approach when adepted to fuels in the 100 to 150 per=-

" formence number range. It must be recognized, however, thet the quantity
of eromatic amines thet would be required under emergency conditions may
not be as speoifically stated as the requirement for aromatics, If all
Grede 145 wers produced, one quentity would be required; vhereas, if
Grade 130 were produoed enother quantity would be required, These two .
cases qo however, represent. extromes -end requirement figures for aromatic
emines. will be hased upon them, : :

Considering‘ amnng other factors, volatility characteristics, “the
emines most adaptable to aviation fuel blending gre limited to mono
methyl aniline, toluidines, snd x; 1id1nes. Pest experience 1s evailable
on both the menufacture and use of mono methyl eniline and xylidimes in
high quality avigtion gasolines. Subsegquent commeunt w1ll be limited
largely to these two materials elthough, in any long-range study, tolui-
‘dines should be con51dered for posslble use in place of them. - .

To replsce 10,000 and 32,000 barrels of ocumene with mono methyl
eniline (MMA) in a Grade 145 fuel, there would be required approximetely
1600 °and 5700 barrels, respectively. At the Grade 130 level the asmount
of MMA required would: be 1300 and 9800 barrels for the present end alter-
naete progrems, respectively. Benzene would.be s normal intérmediate in
the production of MMA, This component is not available, but in this case:
the specia]l msasure may be Justified to fractionate cyclohexene and methyl
cyclopentsns Ffrom gasoline, uehydrogenate to benzene, nitrate and reduce
to aniline, end methylete. The dehydrogsnation, nitration end reduction
steps would be comiton practice. ' There is information that the metnylatlon
can be carried out by a-simple’catalytic process (Sée Appendix B}." The
cost of the~facilities end the metal requirement are believed to be rea-
sonable a.nd should be estimated.

-
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To replace with xylidine 10,000 gnd 32,000 barrels of cumene would
roquire ebout 1900 and 6900 barrels, respectively, at the Grede 145
level. At the Grade 130 level, 1500 and 11,700 barrels, respectively,
would be required for the present and alterrate programs. The quantity
of xylene required for either of these programs could be mede availablae
from cetalytically cracked stocks by the installetion of fractionating
and extraction facilities. Methods for producing mixed xylidines from
petroleum xylene are well known. During the past war, installetions
designed to produce approximately 4000 barrels per day were available
and peak production rates approaching 2000 barrels per calendsr dey Were
attained., This experience would provide information on investment and
metal requirements should expansion in the. production of mixed xylidines
gppear abttractive. o ' '

On the bagis of the laboratory data available, toluldine require-
ments would be roughly eguivelent to those stated above for mono methyl
eniline. The basic intermediste required for iis manufacture would be
toluene. It is believed that in an emergency present’ productive capacity
would barely be sufficient to meet initisl requirements for toluense,
Additional toluene production fegecilities could, however, be made avallable
to the extent required should they be deemed neécessary. Nc problem is
antlcipated in the processing required to sonvert the toluene to toluidins.

- There gre listed in the following table the approximate percentages
of morno methyl eniline and xylidines that would be required in the
finished fuel under the present end elternate progrems to attain the
130 end 145 rioh mixture performance number leveld, The production
figures indicated below, 240,000 barrels per day snd 520,000 for Grades
1485 and 130, respectively, represent maximum alternste gquantities that
could be produced from currently installed fecilities under emergency
conditions, ' Concurrent production of both grades, at some totel figure
intermediate betwsen 240,000 and 520,000 barrels per day, would not
change these percentage figures but would obviocusly affect the total
quantity of the emlnes required, Under the present program, the con~ .
centretion of amines would very from a minimum of 0.25% at the, 130 PN
level to a maximum of 0,8% at the 145 PN level, In the alternate program,
uwsing 3.0 ml TEL per gallon, the concentration of amines would vary from
approximstely 1,9% at the 130 PN level to neerly &% at the 145 PN level,

Present Progrem - | Alternate Program
_ 4,6 ml TEL/Gal 3,0 ml TEL/Gal
Alternate Quantities % uMa  B/D % CS B/D % MMA B/D % CS _ B/D

240,000 B/D 145 PN 0,65 1600 0.8 1900 2.4 'B700 2.9 6,900
520,000 B/b 130 PN 0,25 1300 0.3 1500 1,9 9800 2,3 11,700

No mention has been mede to this point .on the effect of the amines
on the lean mixture performasnce of the fuel, It appears to be the con-
sensus that the F-3 rating of a fuel is not indicative of full-scale per-="
formance under lean mixture conditionms, §Eifioularly in the engines of
newer design which will comprise most of the reciproceting engines in
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use in enother war. F~3 ratings on the varlous:amine-containing blends -
mey, however, be predicted. Substitution of an amine for cumens in.ths
present progrem (4.6 ml TEL per gallon) would not affeect the 100 and

115 F-3 performence number rstings of Grades 100/130 and 115/145, res-
pectively, The exclusive use of en emine to maintain the 130 gnd 145 PN
levels in the alternste program (3.0 ml TEL/gallon) will result in an
F=3 rating of 105 PN on the 145 Grade and 90 PN (97 octans number) on
the 130 Grade. These ratings are not considered indicative of the full-
scale performance under lean mixture conditions (See Appendix B).

Mention of the scurce of informetion on blending wvalues of mixed
xylidines and mono methyl aniline seems to be advisable., During the
past war, rather extensive blending information was obtained on mixed
xylidines in concentrations varying between 0.5 and 5.0% in fuels with
base performance numbers varying between values below 100 and .@s high
as 160, These data were correlated by the Aviation Gasoline Advisory
Committee to the Petroleum Adminjistretion for War and are presented .in :-
Report No. §, dated June 1, 1944, submitted by the Subcommittee on
Blending Ootgne Mumbers. Less data are availabvle on’'mono methyl aniline,
Information from verious sources indicetes, however, thet in normal con-
centretions it is adout 1.2 times as effective as mixed xylidines (See
Appendix B). ‘It has been arbitrarily assumed that its blending value
will very with concentration and with the performence number of the bass
fuel into which it is blended in a manner proportionel to those variations
of mixed xylidines, - . v S :

Performsnce of Aromatic Amines. The use of aromatic amines during
fWorld War II raised a nmumber of questions as to their suitability with
reference to engine performence whioh must be settled befors they can
become & pert of eny definite aviation fuel production plen. There has
been - limited smount of experience obtained by the Alr Force since the
war which.is '‘somewiat encouraging from the porformesnce standpoint. The
Air Forge reports thet approximately 44,000,000 gallons -6f Grade 100/130
fuel conteining from 0,08 te 0.84% mono methyl eniline was recovered
from British storage during 1947 end distributed rather widely -throughout
the continental United States for.'use in serviece equipment. No appsrenmt:’
operating difficulties have been encountered. In addition, durirg the :
past year approximately 15,000,000 -gallons of Grade'loo/iﬁo containing
0.8 to 1,0% CS was used in both continental United States and Europesn
operations with no reported service difficulties, '

In spite of this experience, it appears that a more thorough inves-
tigetion of the performance of emines-in fuels used in .the most advanced
engines is imperative. This study should include both ,the- power plants
of principel intersst and the important operetion conditions ~- especiglly
protracted opeération at high power and at reduced powers required for
long~rangse. cruisings. An adequate: test.schedule and a review of available
informetion should be undertaken to-resolve possible disadvantages which .

ML L ey
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mey arise from the presenee of. aromatic amines in the fuel from the
standpoint of; e

1) Mal-dis_ér'ibution

2) Deposits C T L ,
3) Pre-ignition _
u- 4) Attack upon rubber and synthetics .

:8) : Corrasive: attack
8) Storage stability
7) Toxicological effects

Each of the factors hes been disoussed in Appendix B, but will be reviewed
briefly at this point,

The emines have reletively high boiling points, 283° F for MMA end
421° F. for CS. Under many engine operating conditions these materilsls
will probsbly not be completely veporized apd mey not be oompletely mixed:
with the eir-fuel mixture being distributed to the several cylinders, Low
concentrations in certain oylinders would, of course, lead to detonation,

A tendency toward deposit, sludge, and varnish formation with
inocreased propensity toward ring sticking end spari plug fouling isg i
also largely & function of the volatility cheracteristies of the amines.,
It is conceivable that they may not be completely wvaporized prior to
combustion in the cylinder and would, therefore, depasit on, valves,
rings, and spark plugs. Any mal-distribution effects would, of course,
intensify deposit difficulties in certain eylinders,

No general statement regarding preignition limits of aromatics and
aromgtic amines oan be mede inasmuch as the individuel members of a eclass
of organic compounds may differ in preignition ocheramoteristics, Fulle
scale single~oylinder engine dats indicate that toluene and mixed xylenes
have preignition limits equal to or higher then those of triptene or § .
reference fuel. Small~-scale engine tests on Z-percent amine blends with
AN-F-28 (28«R) fuel indicate that xylidines and monomethyl-aniline have -
little or no effect on the preignition limit of 28«R., At leen fuelwair.
ratios.  only N-methyltoluidines do appear to lower the preignition limit
of 28-Re 1t 1s emphesized that preignition limits vary with engine
severity. . :

Solvency characteristios of amines are generally consldered to be
5§ to 10 times as great as those of the argmetiecs from which they are
derived. When substantially eromatic~free post-var gaesclines caused
shrinkege and conseguent malfunotloning or leskege of synthetlc oom~
ponents of ihe fuel system, about 1% CS was sdded to ceuse swelling and
elimingte the difficulties, With higher concentrations of CS there ig;
thersfore, some posgible danger from attack upon synthetlc rubber snd-
plastic materials in the fuel system, Considering the improvements
that have been made during the lest war and subsequent to that time in

L Llad M
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solvent resistsnt charsecteristics of synthetics, it is unlikely thet any
great difficulty in this respect will be encountered. -It is a factor,
however, thet should be investigated in any long-range program.

Concern over corroéive attack on copper end other materials
employed in’ fuel systems seems to stem back to the time when experimental '
work wes conducted with sniline as an antiknock sgert in eutomotive
engine fuels, There was no reported difficulty in this respect during
the past war with the use of amine blends. This is, however, another
faotor which should be investigated in the course of ény‘long—range studye.

Previous experlence with amine blends hes indicmted that some
storage staebility problems do arise, These problems involve color
changes, gum formetion, and extraction of the emines from the gasoline
by water where the produot is stored over water. Considersble informa-
tion has besen obteined on all of these faotors and it should be reviewed

(See Appendix B).

CS is e very toxic material end its effeots upon the human body hava
been definitely established, It is, however, - no more harmful than
tetraethyl leaed. Its physiologioal effects sre not similar to lead end
the effects of the two are not additive. The blending of amines has
been carefully studied snd presents no problem as long as they are
handled with care. No ill effects should be anticipgted in hendling
blends in the manner prescoribed for any fuel conteining tetraethyl lead.

An adequete schedule to cover the engine performence cheracteristics
listed gbove should include the following:

1) MNulti~-cylinder ground running duplicating the known
typiogl operating conditions

2) Single cylinder exploration of any questionsble per-
formgnoe revealed by 1)

3) Flight tests verifying the results of 1) if warranted
by the ground tests and other studies

4) Operational tests if all other tests are suffioliently
favorable.

COKCLUSIONS

From the production gnd svailabillty stendpolnt, it appears that
arometic amines should be considered es a componsnt of high octans
number avistion fusls 1ln case of an emergency if the kilitary Service's
airoraft operstions require thet the lead content be dropped from 4.6
to 3.0 ml per gellon. Mixed xylidines appear to be most stbtractive
from the availability standpoint but mono methyl eniline hass the edvantage
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of being somewhat more effective, more volatile, and more stable in
eviation fuel blends. Detailed information on toluldines is not availa~
ble and should be developsd if any long~range program is envisaged.

If the lsad content can be mainteined at the 4.6 ml per gallon
level, it eppears possible to augment supplies of toluene or xylenes -
to replece cumene in meeting rich mixture requirementa.

The requirements for ethers sre about the'samp as for toluene and
xylene as components to improve rich mixture performsnce. Certain ethers
gave an even better knoqk=~limited performance thaxr mviation alkylate.
Beoause of the lack of service experience and lack of well-developed
production fecllities a complete evaluation of ethers oannot be made
at this time. :

_From the engine performence standpoint a rather extensive program
mzst be undertaken to establish performasnce’ of amine-containing olends
in the most edvenced engines under various types of opsrating conditions.
The principal factors to be investigated are the effect of the high boil-
ing characteristics of amines, the tendencles toward inoreased deposits,
preignition tendemoy, attack. of non-ferrous metels and synthetic maeterials
in the fuel induction system and stability of the fuel in storage.
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-5 .~ APPENDIX A

Aroﬁafics and Ethers in Aviation Fuels

INTRODUCTION

' A study -is belng conducted by the Subcommittee on Alrcraft Fuels
of ‘the NACA Tamiltiee on Power Plants to determine the possible blend-
ing agents or additives that may be substituted for cumene (isopropyl-
benzeze ) in future avietion fuels., The need for this study arises from
the fact that the limited avallsbility of benzens in future emergenciles
will reduce ‘the quantity of cumene that can be made available for avia-
tion-fuels -_benzene being the starting material in preparation of cumene.
Other aromatics that mey be used in place of cumene for aviation fuels
are fow in number when voletility and avaellability restrictions are con-~
sidered, For this reason 1 has been necessary to include in this study
the possibility of using ethers and additive-type compounds such &as
aromatic a.mines ;88 cumene su'bstitutes.

Accordingly it :Ls the purpose of this append.ix to present a summery
of information available for arcmetic hydrocarbons and ethers, Tke sub-
.jec% of. a.roma'bic emines d.s treated in Appendix B. , _—

DISCIESION o127 RESIIL‘I'S

The NACA la'bora.tories conducted mvestigations of twenty-seven aro-
matics and twenty-three ethers. Antiknock date and physical properties
for compounds in:these classes ere presented in tebles I to IV, The
antiknock data presented in tebles I and ITT were determined in the F-3
and F-kiengines.- All of the srcmatics and ethers were evaluated in blends
with lesded &nd unieaded. S refersnce fuel and in blends with a prepared
base fuel containing 87.5 percent (by volume) isocctane plus 12,5 percent
n-heptane with:the finel blends leaded tq .4 mi per, gallon.. For the pur-
poges of this discussion only the 25 percent blends of ether or aromatic
with the base fuel were considered, inasmuch as antiknoek ratings were
determined for all compounds at this concentration level, The nominal
performance gra.de of the base fuel was gbout 120/112 :

" Aroma.tics . ‘

Antiknock Perforrmance. An. -idvqa. o:E the re],a.-bivs lea.n sntiknock
cheracteristics of the aromatic hydrocar‘bems can be obtained frae.an .
examination of the F-3 data for 25-percent ‘blend.s in teble I. Fifteen
gromatics Improved the pe*rformanoe af the. 'base fuel, but in no case aid
this improvement exceed T performan,qe :p,mnbers, of the arqumatics in this
group, 1,3,5~ 'trimethyl‘benzena and tert-‘butyl‘benzene gppear .to be the
most d.asira.ble aromatics from, cone"d"_ation of antilmoeck. value alone.

Y
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Both of these hydvocarbons are sbout 4 4o 10 performance mumbers better
than cumense, xylenes (meta and para), and toluene, the ercmatics generally
accepted as being more readily available.

As contra.sted. to the F-3 data the 2‘5-percent a.dd.itions of aromatic
in the bese fusl have caused oonsiderable improvement in F-4 performance
{teble I) of from 112 performance number for the base fuel to about 175
for the best arcmatic blend, The 1,3,5-trimethylbenzene blend at F-U
conditions is still one of the highest performance blends dbut the tert-
’butylbenzene blend which showed up well in.the F-3 tests is exceoded in
knock-limited performence by a nunber of.other arcanatic blends. Other -
than 1,3,5~trimethylbgnzene, the best a.romatics shown arxe . l-methyl 3~ .
ethylbenzene, 1,3-d.imethyl-5-ethrl‘benzene 1~n:ethyl-3—tert—butylbenzene,

L-methyl- h—tert-'butyl‘benzene 1-methyl-3, 5-diethyl'benzene end .1,3,5~
triethyibenzene. These aromatic are 10 to 25 performance mnnbers 'bat’cec‘
than -cumene, xylenes (meta. and. para.), and toluene. : -

Physical Broperties. Although several a:romatics possens knock-
limited performance characteristice egual to or bétter thsn those of
cumene, only 1,3-dimethylbenzene (m-xyleme), 1,l-dimethylbenzene (p-
:xylenes, e'bhylbenzene and toluene have boiling points (table II) 1n the
renge defined hy Specification AN-F-48, In en snalyeis of existing
experimentel data, the Esso Leboratories have ¢onsidered the effecta of
additions of toluene, xylenes, and cumene on,fuel volatility, Iscpentars
was included in this study, inesmuch as this component would be added
An sufficilent quantity to ad.,just the vepor pressure of the final blend
to the specified value (7 1b/sq inch).

(a) Volatility. - Addition of straight aramatics to aviation fuel
does not incresse the ASTM lO-percent point greatly. The various aroma-
tics have roughly equivelent effects within the accuracy of the dsta., If

. the aromastic is added in.conjunction with sufficient isopentanse to main-
tain 7 pounds per squere inch Reid vapor pressure, the ASTM 10-percent
‘point of.the fuel is practicelly unchangad since the effects of the imo-
pen‘bane ‘and aromatic balance out. _ .
i+ The effect on AS'IM 50-percent point of a.dd.ing toluene is a function
of: the 50-percent point of the fuel before addition of toluene. The.
lower the 50-percent point of the fuel, the more it is elevated by add.ing
toluene, as would be expected. Xylenes and cumene increase the 50-percent
point to a greater extent than toluens. The influence of these compounds
on the 50-percent point correlates with the difference between the ASTM
50-percent end 90-percent points, with a few exceptions. Apparently,
since these compounds are considerably higher voiling than the ASTM
50-percent temperature, tkelr major effect in the S50-percent region is
to ‘displace the curve laterally to the left. Thus, the greater the slope
of the distillation curve at 50-percent, the more the 50-percent point B 1]
increased by ad.d.ing a given emount of xylene or cumene,

I—
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Aviation fuel containing greater than 5 volume percent cumene hes
an ASTM final boiling point of approximately 360° F regerdless of the
final boiling point before addition of cumens. This is attributed to
the fact that commercial cumene  which was used in most if not all the
blends included in this correlation, contains an appreciable but varying
proportion of material boiling above 360° F, However, since rure cumens
has a trus boiling point of 306° F, removal- of a small proportion of
high boiling material from commercial cumene will reduce substentially
ite effect on ASTM final boiling point. Addition of either tolusnes or
xylenses to aviation fuel appears to have no consistent effect on the
final toiling point. ) .

Al'bhough the- correla.tions given here are not flrm due to the
relatively smell amount of data available, they are fairly consistent
and should be useful for purposes of approximation, For example, if
it is desired to add 20 volume percent of a. 7 pounds per square inch
Reld vapor pressure "eromatic blending agert" consisting of xylenes and
isopentane to & typlcal avia.'bion fuel, the effect on ASTM distillation
could be estimated. to be- . :

ASTHM . . .- NET EFFECT (°F)
10 percent point | -1
50 percent point +9
90 percent point +17 -

(b) Other Physical Properties., - In addition to volatility charac-
teristics, other properties of the aramatics enter into any considera-
tions of their sultebility as aviation fuel blending agdents. Freezing
points and heats of corbustion are presented. in table II, together with
boiling points for the aromatic hydrocserbons. A number of the aromatics
that have good antiknock characteristics (teble I) have high freezing
points end all of the arocmatics have heats of cambustion slightly lower
then paraffinic ty'_pes. .

More important then elther heat of cambustion or freezing polnt is
the solubility of water in aromatic fuel blends. For the aromatics in
teble IT water solubllity date are unavaileble; however, as an exemple
of how serious this factor masy be In uss of gromatic blends, ocme litera-
ture source states that the aromatics dissolve ebout ten times as much
water as normal gasolines, Still another source indicates that the
addition of 25 percent cumene to a straight-rin stock increased the
percent by weight of dissol’ Jed yater fram 0.007 to 0.012. .

For 'bhe concentra.tions in which arcmatics might 'be utilized in )
future aviation fuels “the properties discussed in 'bhe preceding para-
graphs offer mno ineurmoun‘ba‘ble ‘cbetacles., In thim cozmectien, it may
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be recalled that during World War II some AN-F-28 fuels containing
aromatic concentrations as high as 20 percent were used.

Availgbility. No aromatic materiels bolling in a higher range
than cumene can be considersd for aviation fuels becauvse of fuel vola-
tility limitations In the AN-F-U48 specification. For this reason only
ethylbenzene, m-xylene, p-xylene, tolusne, and benzene offer possibili-
tlea as substitute blending egents for cumene.

In an snalysis of the availability of these materials made at the
Socony -Vacuum Laboratories, 1t was aessumed that ethylbenzene could te
produced by the alkylation of benzene with ethylene, using equipment and
processes similar to those required for the manufacture of cumene. Cata-
lytically cracked stocks have been consldered as a source of toluene-
xylene mixtures which might be concentrated by extraction. EHydroforming
combined with extraction has been coneldered as a source of toluene.
Benzene should probably be elimineted as a possirle replacement on the
besis of the fact that inadequate quantities would be available from
sources other than petroleum and suitable substitutes such as toluene
and xylenes may be cbtained from petroleum with lower investments.

The following table summarizes the cost of replacing 10,C00 barrels
per day of cumene in aviation gasoline with other sultable arcmatics.,

Aromatlc Processing - Raw Stocks Investment, Metal
blending required ' dollers |require-
- agent ' Ct ~ Type B/D | ment,
. : . . ' tons -
Ethylbenzene | Ethene-ethylene | Benzene 9,100/6,000,0C0 5,000
L fractionation Ethylene | 30G,000 :
o . 1b,/D
Toluene and | Solvent Cat. 175,000 140,000,000 | 25,000 .
xylenes extraction cracked
. gasoline
Toluens | Hydroforming end | Virgin |110,000(110,000,000 |90,000
. solvent extrac- naphtha -
$ion .

Approximately 9,100 barrels per day of benzene would be required to
produce 11,200 barrels of ethylbenzene which would be equivalent to 10,000
barrels per day of cumene as a rich mixture blending agent. The 1nstalla-
tion of fractionating facilities would e required 'to segregate about
900,000 pounds 'pér day of ethylene in an ethane -ethylene mixture, This.
would involve en investment of $6,000,000 and require 5,000 tons of metal.

P e T Y
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Since only 7,500 barrels of benzene will produce 10,000 barrels of
cumene , a source of an additional 1,200 barrels per day of benzene is
necessary. Considering the multitude of essential uses of benzens in
times of emergency, this n:ay be difficult
The average catalytically cracked gasoline hae been caloulgted to
contain approximately 3 percent.toluene and 5 percent mixed xylenes.
Solvent extraction equipment could be Installed to segregate these aro-
matics at an investment cost of $40,000,000 using 25,000 tons of metel,
To produce the equivalent of 10,000 barrels per ca.lendar day of cumene,
175,000 barrels per day of catalytically cracked gasoline would be re~
quired: as.a feed stock. Prefractionation prior to extraétion would be
required to segregate toluene and xylene fracticms. Fractionation would
follow ex'bra.c'bion to eliminate the low rating o-xylene.

. Eleven thousand barrels per.day of toluene would be eguivalent
to 10,000 barrels per day of curene. The production of this quantity
would requ:f,re the imvestment of $110,000,000 and would require 90,000
tons of metal. One hundred snd ten thousand. barrels per day of feed.
stocks, for the most part selected s'bra.ight run naphthas, would heve to
be provided. _

—As & point of interest, the country-wlde production capacity for
toluene from petroleum sources under emergency conditions is currently
approximately 13,000 barrels por calendar day. It has been assumed thet
this entire amount would be reguired for the menufacture of explosives
and other essential war materials, Fulfilling the requirements of avia-
tion gasgline for sromatlics by the use. of toluene would nearly double
todey's potentlal production. It is generally felt that avallability
of suitsble feed stocks might be lLimiting and, under any circumstances,
rather extensive use of transportation would 'be required to transport
feed stocks from their point of prod.uc-bion to the locstion of the hydro-
former units.

Ethers

Antiknock Perf"oriuance. Antiknock data for 25-percent ether blends
are shown 1In table III. '.Both aliphatic and. aroma.tic ethers were examined.

Of the 'blends shown ) 'bhe isopropyl 'bert-butyl ether blend gave the
highest performance number at F-3 conditions. Next in order were ethyl
tert-butyl ether and methyl tert-butyl ether, about 6 performaence numbers
Iower. Nome of the aromatic ethers Improved the performance of the base
Tuel.

For .the F—3 oondi-bions 'bhe begt ether 'blend. was about 30 performance
numbers - 'be'bter than. the base fuel, wherdas i table I it was shown that
the best a.ro,ma:bio blend was only 7 nerforma.nce num‘bers 'better than the

-1 * e ‘L
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base fusl. The best ether, isopropyl tert-butyl ether, was 26 to 32
performence numbers better than cumene, xylenes (meta and para), and
toluene.

3 _

At P-4 conditions (teble IIT) the blend conteining methyl tert-
butyl ether had the highest performence number and showed about the
same lmprovement over the base fuel as that found with the best aro-
matic, 1,3,5-trimethylbenzene., In contrast to the results cbtained at

F-3 conditions, the F-lI investigation indicated that the aromatic ethers
offer conesidereble Improvement over the base fuel. Of the aromatic
ethers examined, m-methylaniscle and lsopropyl phenyl ether were second
only %o methyl tert-butyl ether in F-4 performemce. Eowever, with the
exception of meth;y'l tert-butyl ether all of the detter ethers were ex-
ceeded In performanoe by & number of sromatics in. the F-L engine.

In addition to the ethers presented in teble III, dlisopropyl ether
has recieved attentlon in pest years but the avallable data are not
directly comparable with the data in table III. In general, however,
the antiknock performance of diisopropyl ether dces appear to be of the
same megnitude as the performance of methyl tert-butyl ether, ethyl tert-
butyl ether,and isopropyl tert-butyl ether.

Physical Proverties, The genmeral sultability of ethers as blending
agents in aviation gasoline must be considered on the basis of volatility,
heat of combust.ion, wvater tolerance, and storage stability.

(q} Volatility Characteristics. - The dialkyl ethers listed in
table..IV boil within the bolling range of AN-F-h8 aviation gasoline so
that the inclusion of dislkyl ethers would not noticeably influence the
volatility characteristics of the finlshed fuel,

‘~~The Reld vapor preseure of methyl tert-butyl ether has been measured
td*“-be 8.8 pounds per squere inck. A virgin base stock with a Reid vapor
pressure of 5.9 pounds per squere inch when blended with 20 percent methyl
tert+<butyl ether gave no apprecisble increase in Reid vapor pressure and
75) percent ether wlth the virgin base gave a Reid vapor pressure of T.lL
pounds per square inch.

. Gn~ the other hand, the aromatic alkyl ethers boil above the end
point of the AN F-48 specification. Anieole boiling at 308° F might be
consildered to be a borderline case, but the inclusion of eny arocmatlc
ethers in 10 percen'l; concentrations would require raising the 90 percent
point of the fuel abhove the present specification limit,

(b) Heat of Combustion. - The heats of cambustion of ethers are
lower than for hydrocarbons. For exemple, methyl tert-butyl ether with
a net heat of combustion of 15,200 Btu per pound could not be tolerated
in large quantities if the minimum heating value of 18,700 Btu per pound
is to be malntaiped. However, methyl tert-butyl ether ‘blend.s up to 20

F o s, miegy
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percent in hydrocerbon stocks show no Increased indicated specific fuel
consumption when evaluated in small-scale -single cylinder engimes, Also,
full-scale single-cylirder engine tests Indicate -that lO percent ether
blends do no-b increase specific fuel consmpticn.

(o) Wa:ber Tolera.nce. When considering the suita'bility of ethers
a8 blending agents for aviation gesoline, both the tend:ncy for water
to dissolve in ethers and the iendesncy for ethers to dissolve in water
must be consldered. Unfortunately, relisble daia .on water tolorances
of ethers are meager. However, cne study has compared the quantity of
water that will be dissolved by blends of methyl tert-buityl ether in a
straight run aviation base sfHock and blends: of cumene in the seme base
stock,., The da:ba are shown in 'bhe following '.bable.

SA'I'URATED WA&ZER CONTENT AT 77° F OF STRATGHT-RUN AVIATTICN
BASE - STCCK: CONTATNING VARYING PERCENTAGES (F METHYL
'ber'b-BUTYL ETBER GR CUMENE:

————

Blend. composition ;. veight percent -j?_er-cent by weight
tof dlssolved watsr '

-y

r

Base stock _ " Cumene
1
w0 _ 0.007
95 . 5 0075
90 10 : |. = .0c8
[ _ 25 S 012
50 ' 50 7 {7 .020

Base stock [Methyl tert-butyl ether

9T 3 0
.85 | 5 - o
0 o .030

This table indicates the maximum qua.ntity of water that would be
dissolved in the fuels &t the temperature indicated, The actual quanti -~
ty of water dissolved during service operations would be dependent upon
the manner in which the fuel was stored and handled,

The tendency of d.iisoPropyl ether blends to dissolve water has also
been studied and some data are shown below,

' Fuel C Milliliters of water dissolved
‘ T " per 100 milliliters of fuel
32° F TI°F
Aviation gasoline ‘(paraffinic) 0.0c6 ' - 0,007
Aviation gasoline with 40 percent ' '
diisopropyl ether 062 .085

e . S



At the low ambient temperatures which mey be encountered in service,
wagter tends to sepsrate and form ice orystsls, which may olog fuel.line
filters if the ioe particles are of sufficient size to be held on the
filters. The quantity of ice formed at low temperastures will be diregtly
proportional to the water dissolved at higher temperatures. Thersfore,
ether blends might present more of a problem than hydrocarbon -blends -
under conditions that result in the formation of ice in the fusel,

One method of slleviating the problem of ice crystel formetion is
t0 add to the fuel a meterial that acts as s freezing point depressant
for the water. Methanol hes been added in a concentration of 0,5 percent
with 40 percent diiscpropyl ether in experimental avietion gasoline.
¢ooling of this mixture caused the water to seperate but due to the
presonce of the methanol no ice crystalu woere formed. Therefore, it is
indicated that small amounts of freezing point depressents might be
effeotive in eliminating the problem of ice orystal formetion.

' The solubility of ethers in water will affect the feaslbility of
over-water storage for gasolines containing ethers. Methyl tert-butyl
ether is reported to be soluble in water to the extent of 4.¥ grams of
ether per 100 grems of solutien at 88° ¥, Diisopropyl ether ia soluble
to the extent of 0.656 weight percent at 77° ' Unfortunately, these
date are not from the same source and may not be comparable. Water ex-
traction of a gasollne containing 10 psroent dilsopropyl ether has indi-
ceted that after three extractions, only 0.4 percent of the sther was
removed from the gasoline, It would eppear thet diisopropyl ether would
be suitable as g blending component sc far as overwater storage is con-
cerned, but methyl tert-butyl ether might be guestionable. However, thse
subject should be more fully investigated before e decision can be resched
on the feasibility of overwater storage.

(d) Storage Stebility. = Certain ethors are known to form peroxides
readily during storage if they are not properly inhibited., Supposedly,
peroxide formetion would be deleterious from two points of viow. First,
the presence of small concentrations of peroxides depreciate the antiknock
effectiveness of fusls very drastieally. A fuel conteining sufficient
peroxides would reduce the performance level of the fuel and might con~
stitute a serious operationsl preoblem.

" The second item to be-considered is the tendency toward gum forma-'
tion, Supposedly, the presemce of peroxides would indicate the initial
step }n the decomposition of a fuel during storage.

Agtual experience with some dialkyl ethers such as methyl tert-butyl'
ether and diisopropyl ether has shown that, when properly inhibited, avia~
tion gasoline blends conteining ethers ere stable during storage. There-~
fore, no storage prohlems due to deteriorstion of the performence level
of the fuel or to gum formstion are anticipated, However, very extensive
tests would be required before the point is beyond doybt, N
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Availa.bﬂ.ity.- The ethers of grea.test interes'b from the standpoint
of antiknock performance end volatillty are methyl tert-butyl ether, ethyl
tert-butyl ether, isopropyl tert-butyl ether and diisopropyl ether,

Methyl tert-butyl ether is prepared by the treatment of methanol with
iscbutylene in the prebsence of sulfuric acid, Several thousand gallons of
the ether were produced on a pllot plant scale during World War II. Ths
process apparently i1s similer mschanically to an alkylation process and the
ether could be produoed. on a large scale. The methanol required for the
production of sulteble quantities of methyl 'ber'b-butyl ether would proba-
bly be larger than -the methanol required for “the production of N-methyl
aramatic emines. An accurate comparison of methanol requirements depends
upon the yield of monomethyl aromastic amine cbtained by treatment of the
amine -with methenol. ' The well-known methods for this reaction give fairly
low yields of* the monamethyl product. Unless the yields can be raissed,
it is poesible that the methanol requirement would be gbout the same for
the required production of methyl tert-butyl ether as for the production
of a monomethyl arocmatic a.mine such as a.s monmne'l:hyl aniline. -

Iso'butylene used for methvl tert—butyl ether production would. comg
from supplies normally used for producing aviation alkylate or hydro-
codimer, The iscbutylene required to produce 500 barrels of met]:wl 'l:.er'b-
butyl ether would produce about 700 berrels of Cy alkylate,

Since the methyl tert-butyl ether gives a hilgher Imock-limited. per-
formance than the alkylate under both lean and rich operating conditions,
the use of the iscbhbutylene for ether production may. be Justifled. 'A satis-
factory eveluation would require detalled study and would depend upon the
avallabllity of other blending stocks and the performance level of the
fuel required.

"The production of ethyl terta'butgrl' ether involvea the use of ethyl
alcohol and iscbutylene. In this case the ratio.of ether ‘produced to
potenltial Ch_ alkylate would Vbe move favorable than in:the case of methyl -
tert-butyl ether. The lacbutylene required-to produce 500-barrels of
ethyl ternt-butyl ether would be equivalent to. the prod.uction oﬂ 590 bar-
rels of C), C) alkylate. i . , s .

- e
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The prod.uction of isopropyl tert-butyl ether involves the use of
propylene and isobutylene and the production of diisopropyl ether involves
the reaction of propylene with water in the presence of sulfuric acid.
Propylene 1s ageln a materilal that 1s normally used for the production of
aviation alkylate and a thorough study would be required to determine
vhether the propylene would be most profitebly used in the hydrocarbon
fuel or the ether.

SUMMARY REMARKS ON ARCMATICS AND ETHERS

The availgble data indicete that from consideration of anti-knock
performance alone, 1,3,5-trimethylbenzene and methyl tert-butyl ether
appear to be the most desirsble of the aromatics and others. However 3
other compounds in these classes ere certainly worthy of comsideration.
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Insofar as general usage of axromatics and ethers is concerned, pro-
perties other than antiknock performence must be considered. In the follow-
ing raregrephs, the characteristice of these two classes of compounds have
beon compared.

1. Poesibly the most important advantege of the arcmatics 1s the
fact that arocmatic blending agents have been umed successfully in slr-
craeft fusels for a number of years and no insuwrmountable obstacles have

been encountered.

2. The dlalkyl ethers are superior to the best aromatics in lean-
nixture antiknock characteristics,

3. The better ethers and arometics ere about equal in rich-mixture
antilmock charecteristics.

b, Cnly a few aromatics have boiling points within the l1imits of
'bhe -AN-F-k8 specification and these particular aromatics are not the best
from antiknock considerations. The dislkyl ethers which were the best
ethers from the standpoint of antiknock performance boil within the range
of the specification; consequently, the use of ethers in aviation fuels
should not present the problems assoclated with high-boiling constituents,

. 5. The ethers have lowser heats of .combustion than aromaticsj; howewer,
for the concentrations that might be used in elrcraft fuels, 1t 1s questiona-
ble .whether lncreased fuel consumption with ether blends would be o‘baerved.
in service.

-~ ..6, The water solubility of the aromatics is somewhat less than that
. of the ethers. The solubility of water in ethers and the solubility of
-ethers in water could. be & sexrlous problem and should he investigated
thoroughly. .

T. Production of suiteble athers for a.via.tion fuel ‘blends would '
require olefin gases that were used during World Wer IT to produce avia-
tion alkylate or hydro-codimer., Methanol would also be required for the
production of methyl tert-butyl ether. Production methods for eramatics
are well developed. However , expansion of facilitiee to provide the L '
necessary quantitles of aromatics would entail large investments and .’
metal requirements. Sufficient data are not available to permit a con-
clusion as tc the investment required to produce ethers,




TABLE I - P-3 AND F-4 PERFORMANCE NUMBERS OF AROMATIC BLENDS® 21
F-3 _ | Fa4 (F/A=0.11)
. Volume -percent arometic Volume-percent aromatio
Aromstic in S reference fuel in mixed base fuslP
Unleaded|4ml TEL/gal 4ml TEL/gal
10|20 10| 2¢ 10| 25| 50 1 25| 50
Benzene 96 |92 m——|e—— 121|118| 976|123 139|174
Methylbenzene - |94 -==|139 1211117113 |126]| 151|>290
(Boluene)
[ Ethylbenzene 97 (95 -—-[z38 120(119| 106 |128| 154|>260
1,2-Dimethylbeanzens 93 188 136 |118 113{105| 84 |102{1l00| 111
(o-Xylene)
1,3-Dimethylbenzens 100 |98 150 |=== 125|1231122 |129{166| 297
(m-Xylene) )
1,4-Dimethylbenzene 98 |99 148|138 125(122|--- [128{163 (<300
(p=Xylene) .
n-ropylbenzene 96 {93 148 |=== 126 |122]{118 |125|152| 205
Isopropylbenzene 88 |=- —— |- 1221122 --=- |131]152| 283
Cxmene )
l-Methyl-2=-ethylbenzens -- |88 -——— 124 == 107 e (w122 em-
(o~Ethyltoluene)
l-Methyl-3-ethylbenzene - |95 -—=1142 wem 124 |mme |me=]| kB8] ===
(m-Ethyltoluene)
l-Mathyl-4~ethylbenzeria 96 |88 ———— 122|120 |--<+ 132159 | 213
(p-BEthyltoluense:) )
1,2,3~-Trimethylbenzene -- 185 --=1115 === |105 (=== |===({1l02 | ===
1,2,4-Trimethylbengene 91 {87 141{121 113|101 | 97 107|113 | 146
1,3,5-Trimethylbenzene |- 150 |=== 123|127 === |137|168 [»300
(Mesitylene
n-Butylbenzene 56 | —_— - I1e|Ilg|111 (121133 | 156
Isobutylbenzene o7 |93 [ —— 120|119 |116 (123|144 | 174
sec-Butylbenzene 96 1935 146|138 123|122 1112 (123|148 | 176
tert-Bubtylbenzene 28 |99 151 {142 125|127 1126 (133|161 | 286
1-Methyl-4-isopropylbenzene 98 |95 | ——— 126|123 |113 {128 |158 | 233
(EECymene)
1,2-Diethylbenzene -- |84 --=1{125 === {107 |w=r~ |=== 122 | ===
(o-Disthylbenzene )
1,3-Diethylbenzene 85 |92 145 |-~ === 123 |-=~ 134|164 | 225
(m=-Diethylbenzene )
1,4-Diethylbenzene --194 -==1136 === |11Q [m=e |o== 183 | ===
(p~-Diethylbenzens)
l,Sgbimathyl-s-ethylbenzene -=195 ~==-1140 === 1124 |=w=  je== [L71 | ===
l-Mathyl-3-tert-butylbenzene -=193 -——-1141 === 125 |=m~= |we=[l6F | ===
(m-tert-Butyltoluene) '
l-Hathyl-4~tert-butylbenzene --|97 ———|142 e 124 |m== === |176 | ===
(p-tert-Butyltoluene)
1-¥ethyl-3,5~-diethylbenzene -= 195 -==1140 wme {126 |w==  |e== 171 | ===
(3,5=-Diethyltoluens )
1,3,5-Tristhylbenzene -=193 --=1140 =122 [=== |===[170 | ==~
(aym-Triethylbenzene)

8performance numbers greater than 161 were determined as follows:

Performance number == e;mg of blend ZaT X 161

bThe mixed base fuel contained 87,5 percent (by volume) S reference fuel and 12.5

percent n-heptans,
snd had F-3 and P-4

This blend was leaded to 4 ml tetraethyl lead per gsllon
performance numbers of 120 and 112, respectively.



2e TABLE II - PHYSICAL PROPERTIES OF AROMATIC HYDROCARBONS®

Boiling polnt| Freezlng polint Heat of
Aromatic (gF) {°F) combustion
(Btu)/(1b)
Benzene 176,19 +41 ,96 17,259
Methylbenzene 231,12 -138,98 17,424
Ethylbenzene 277.14 -138.96 17,596
1, 2=-Dimethylbenzene 291,95 -13.32 17,547
1, 3-Dimethylbenzene 282,38 ~54,17 17,543
1,4-Dimethylbenzene 281,03 +55 .87 17,547
n-Propylbenzene 318,59 -147.10 17,722
Tsopropylbenzene 306,31 -140,85 17,712
l-Methyl-2=-ethylbenzene 329.27 -113,50 17,693
1-Methyl-3-ethylbenzene 322,34 -139.99 17,685
l-Methyl-4-ethylbenzene 323,57 -80.23 17,681
1,2,3~Trimethylbenzense 348,94 -13.68 17,650
1,2,4-Trimethylbenzene 336 .82 -46,84 17,638
1,3, 5-Trimethylbenzene 328 .48 -48,50 17,632
n-Butylbenzene 361,88 ~-126.35 e ——— -
Tsobutylbenzene 342,96 ~80.66 Y
sec-Butylbenzene 343.94 -103.85 e o e e e
tert-Butylbenzene 336,40 ~72413 o e e e e o
1-Methyl-4-isopropylbenzene 350,78 -90.4 - e =
1,2-Diethylbenzene 362.26 =24 ,5 om0 e o o e 0 2 e
1,3-Diethylbenzene 358,03 ~118.06 ———————————
1, 4~Diethylbenzene 362,80 -45.8 e ————
1,3-Dimethyl-5~ethylbenzene 362,75 =119.,6 o e o o e
1-Methyl-3-tert-butylbenzene| P372,61 -42,76 ——————————
l-Methyl-4-tert-butylbenzene| DP378.72 b.g2,.92 -
1-Methyl-3,5-dlethylbenzene bz93,01 boio1.21 —————— -
1,3,5-Triethylbenzene b420,35 b_g7.59 ————————
WNACA =~

@american Petroleum Institute Research Pro ject 44.
bNational Advisory Cormmittee for Aeronautlcs,




TABLE III - F=3 AND

F-4 PERPORMANCE NUMBERS OF ETHER BLENDS®

23

P-3 | F-4(F/A=0.11)
T -
Ether Formula |Unlesded 4ml TEL/gal] Volums-psrcent ether in b
Volume percent ether| blend with mixed base fuel
Inblénd with S re- 4ml TBL/gal
ference fuel
10| 20} 10 20 10| 25] 50| 10| 25] 5G
Kethyl tert-butyl ether | CgH1Z0 100|102 |249 |°153 1341143150 |137 |175]| 250
Ethyl tert-butyl ether CgH140 |100{104 {157 ] 161 140]1441150 |132 |150( 185
Isopropyl tert~butyl €7Hig0 | 1031104 1160 ( 161 137149160 (126 (150|185
ether,
Me%hyl phe?yl ether CwHgO 83) 90141} 121 1181107 94 125 }142]137
anisole N
Ethyl phenyl ether CgHy g0 89| 97 (140 | 120 120|111{100 |128 |146| 137
(phenetole)
Methyl p=-tolyl ether Cgligl 99| 99144 | 133 120112100 {133 ;1451386
égrmethylanisole)
m-Methylanisole Cgl1 00 L e g EE -—=1110| === j=== 147} =~
o-~-Methylanisole CgHy o0 E N T —me]| B2|=en |m==] 4] em=
p~tert-Butylanisole C11H1g0 | === |=mm |=== fomem m== (110 wme |~ [147 | ==
n~Propyl phenyl ether CgH120 L Bt R E T BT == 1110 | === === {14G[ ===
Isopropyl phenyl ethexr CgH120 B L e ==w]110]| === === |150] ~==
tert-Butyl phehyl ether | C3oH740 | ==~ ]=v= |oun [oeem == |17 | == == (13T | ==~
Methyl benzyl ether CgH100 PR LTt EE PR —me | 104 | == [=e= [111] ===
Isoprop¥l benzyl ethsr Ci10H140 | == |===]o=n === -==[138}| =~ |==~= 140} »—
Phenyl methallyl ether CigH100 | === |e==fome |mmee ——=| 48|==w|=es]| 4] ==
Methyl methallyl ether CgH1n0 B el Bt =] 93| eww =] 2| ---
Isopropyl methallyl CrHy 40 P e P O e we=]106f === === {102] ===
ether
tert-Butyl methallyl GgH1g0 | === |===[=== j==== —~=}106] === ===108] =~~~
ether
Dimethallyl ether CgHi40 ——— e e |e——— w—=| T7| === [=~=] 90| ===
Hethyl cyclopropyl C4HgO === | e == 76(===|--=] 94|~~~
ether ) :
Methyl cyclopentyl CgH120 il el Bt ettt wm=]! 80| === }-==] B3 ---
ether
Methyl cyclohexyl CqH140 | === |-== === |-=—= --=| 88|2—=]--- 79| ---
ether
Propylene oxide CzHgO ——— e | fe——— === |100{ === |===[131| ===

8performance numbers greeter than 161 were determined

h. = 3 1
Performance number Tmop of S+6 ml TEL/gal x 161

as followa:

brhe mixed base fuel conteined 87.5 percent (by volume} S reference fuel and

12.5 percent n-heptane._

gallon and

CApproximate value

This blend was leaded to.4 ml tetraethyl lead per
had F-3 and F-4 performance numbers of 120 and 112, respectively.



24 TABLE IV - PHYSICAL PROPERTIES OF ETHERS®

8National Advisory Committee for Aeronautics

PAt 10 mm
CAt 16 mm

dAt 8 mm

B oint Freezln oint
Ether otlirg3 Toelory T
Methyl tert-butyl ether 131.18 ~163457
Ethyl tert-butyl sther 162.86 =137.20
Isopropyl tert-butyl ether 189.68 -126.,53
Dilisopropyl ether (literature value) 155 76
Methyl phenyl sther (anisole) 308.48 ~34.80
Ethyl phenyl ether (phenetole) 3357.682 -21.05
Methyl p~toly ether (p-methylanisole) 350.08 ~25.69
m-Methylanisole . o 349.70 ~88.66
o-Methylanisole 341.24 ~29,38
p-tert-Butylanisole 433.76 +66 .45
n-Propyl phenyl ether 372.74 -16.76
Tsopropyl phenyl ether 350.24 -27 .49
tert-Butyl phenyl ether b143.24 -.958
Wethyl benzyl ether 338.90 -62.73
Isopropyl benzyl ether €181.40 -88,94
Phenyl methallyl ether di75.28 -27.96
Methyl methallyl ether 151i.16 -171.56
Isopropyl methallyl ether 21898 2 | cemcec—meme—ao
tert-Butyl methallyl ether 248.92 ~-120.30
BIimethallyl ether 273.88 -71.72
Methyl oyclopropyl ether 112.51 ~-182.34
Methyl cyclopentyl ether 221.79 -210.75
Methyl cyclohexyl ether 272.12 -101.87
SNACA -
b A



NACA RM No. 9D13 APPENDIX B 25
AROMATIC AMINES IN- AVIATION GASOLINE
. INTRODUCTION

‘Aniline end ite derivatives have been recognized as entiknock
egents for at lease thirty years. During World vlar II they were
given serious consideration as additives for avietion fusls. Methyl
eniline recelved particular attention in Great Britain, and g
xylidine mixture was msnufaectured for this purpose in the United
Stetes. Leck of meterials and manufacturing capascity prevented wide
use in Great Britain, end its use in this country was modest becsuse
the. necessary fuel volume was acquired in other ways.

The possible desire to reduce the lead content of Grade 115/145
without affecting the rich mixture performance rating end the lack .
of availabllity of aromatics to accomplish this have emphesized the
necessity for a review of the informstion avallable on the suita~-
bility and aveilablility of aromatic gmines as additives in avistion
gasoline. It is the purpose of this sppendix to review the available
informetion on aromatic emines end set forth +the sdvanteges and dis-
advantages of.using aromatic amines.

.+ - DISCUSSION
Antliknock Effgctiveness

Normally processsd slkylate is the most economical component
for the production of fuels having performance numbers in excess of
.Grade 100/130. Unfortumetely, a fuel largely composed of normall
processed alkylete and. not containing erometics will have a.rich
lean performence number ratio, which-is close to 1.1 and thus, in the
case of Grade 115/145, the’ lean.rating has to be considerably ex-
cdeeded in order to meet the rich reguirement. Aromatic.amines ere an
atbtractive answer to this problem, since they sre substantielly
without effect upon lesn ratings and they significently improve rich
ratings. However, in engines which are milder then the F-3, aromstic
- emines may becoms very effesctive lean mixture antiknocks vwhen used
in comjunction with' lead. If engines are mild at lean mixture, then
the use of aromgtic amines promises considergble increase in lean
performence number. This increase would be obtalned without the
calossel steel requirements necessary to increasse performence number
by means of sensitive paraffins such ag diisopropyl.

As antiknock agents, aromatic emines aere 3.5 to 5 times as
effective as eromstics but only ebout 1/10 as effective as tetra-
ethyl lead. . Accordingly the customary amine concentration in avietion
gasoline is from 0,8% to 3,0%. With the exception of €8 mno very

. .. - S
. R
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extensive correlations of the variation in rich mixture effective-
ness of amines with concentration and reting level hHeve been estab-
lished. It is possible, however, largely on the basis of data
obtained by the NACA to predict the effectlveness of other aromatic
amines relative to CS upon which more extensive correletions have
been established.

During World Wer II considerable informetion was obtained on
the sffect of CS on octane number ratings. Several hundred ratings
were obtained by e-large number of laboratories-on its effectiveness
in the range of 100 to 130 performen¢e number base stock. These data
were collected by the Aviation Gasoline Advisory Committee, Subcom-
mlttee on Blending Octane Numbers and ere reported in detail in
Report No. 5 of that Subcommittee dated June 1, 1944. Figure 1-shows
the effect of (S concentration on the F-¢ rating of* gviation fuels.
Date on blending €S into very low or very high quality stoocks are
limited and the correlation'of Figure 1l in these ranges should be
acoepted only es an indication. It will bs noted that the blending
index number of C8§ varises with both the concentration of €S in the
blend and with the octane number level of the base stock. 1In Grade
130 fuel ©S has a blending index number of approximately 1100 and in
Grade 1456 approximately’ 900 when used in e 1% ooncentration.

The AGAC Subcommittee indicates that available data on the F«3
blending value of CS are too scettered to permit developmsnt of a
firm correlation. They recommended that 100 octane number be used as
the F~3 blending value of €S with 440 ml TEL per gallon in all compu-
tations involving €S blending, This value was found to be quite
satisfactory in all blending -celculetiorns that were made subsequent
to the issuance of their report during quite extensive use of cs during
the past war. :

The AGAC Subcommittee points out that the bulk of the CS blending
values were obteined in gssolines- cantaining 4.0 ml TEL per gallon.
N6 reliable date were aveilable at the time to indicate the effuct of
TEL content on-the F~3 and F~4 blending values of GS. Subsequent ex~
perience indicated that the blending velues of ‘CS were substantially
the same in the pressnce of 4.6 ml TEL per gallon.

"The NACA has in the past accumulated considerabls date on the
antiknock characteristics of aramatic amines using laboratory engines.
Table I is a summary of the performence of forty-three aromatic amines
evalusted in the F-3 engine et standard conditions and in the F-4
engine et three sets of conditions including the standard. The three
sets of conditions used in the F-4 engine aere; :

P-4 A B

- Engine speed, rpm - + - 1800 1800 1800
2 Compression ratio'" - 7,0 7.0 '7.0
Inlet~air temperature, °F 226 = 250 150

Spsrk advance, ©BTC 45 30 30
Coolent temperature, °F 378 250 250

4 Iy
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The F-4 conditions are considered the most severe and the B condi-~
tions the mildest. Condition A is intermediate in aeferitj
between these two. Although it is difficult to draw any systemstic
relationship between structure and antiknock effectiveness from
this table, it seems evident from these data that:

1. Monomethyl amines are generally more effective than the
perent amines.

2.’ Monomethyl substitut;on=is optimum, being more desirable
than either monoethyl or dimethyl substitutions.

3. The para structure is far superior to the ortho structurs,

4. The mohomethyl derivetives of aniline and toluidine
should be given first consideration ss antiknock addi-
tives.

The NACA data on xylidines agree within experimental error with
the correlation established by the AGAC Subtommittes on Blending
Octane Numbers. On the bgsis of gll of the available laboratory
knock test dete, both monomethyl eniline snd monomsthyl toluidine
appear to be 1.2 times as effective as CS. Mixed toluidines, on
the other hend, appear-to be quite similar to CS in effectivensss.
These sppear to_be the only four materiels that deserwve consideration
from the aveilability and effectiveness standpoints.

The evidence obtained during World War II would indlcate that
the gains in rich performance due to the addition of aromatic emines
were also shown in full-scsle engines. That fuels containing sromatic
amines may show knock limited performsnce in mild engines which is
greatly in excess of what would be predicted by lesn and rich retings
is ssen by considering data obtained by the Psckard Motor Cer Company
on & Peckard Rolls-Royce #erlin with two-stage 'supercharger and after-
cooler (which ensbled mixture temperature to be controlled) at 3000 RPM.
The knock limited indiceted power obtained at -1400F mixture temperature
and 0.073 F/A was 20 percent higher on Grade 100/150 conteining 3
volume per cent xylidines than it ‘was on Greade 190/130 containing
no emines. At 276°F mixture temperatures and 0.10 fuel-air ratio
Grade 100/150 permitted 27 percent more powsr than Grade 100/150.

At 2750F mixture temperature end 0.076 fuel-air retic Grade 100/150
permitted 29 pércént more power than Gradé®1l00/130. The fact that
contrary to expectatioms Grade 100/150 permitted a greater powser
increase at the‘higher mixture tempergture wss slmost certainly due
to improved distribution at the higher temperstire. These data were
chosen from-a lerge amount of available full-scelé data’ since they
best illustrate the fact that aromatic emines may be more effective
than the F-4 method would suggest and, furthsrmore, that they are
highly effective leah mixture antikmocks in mild“full-scele engines.
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Although no actuael date were obtained in full~scale equipment
there is reason to belleve that aromatics themselves.would have
shown the same gagins in rich mixture performance retinge over those
indlosted by results obtained by the P-4 method. PFurther, there is
little question that.the aromatics would be fer more sffective under
lean mixture conditions in mild full~scels enginss than would be
indicated by retings obtained using. the F-~3 method.

Full-socale single-cylinder engine knock tests made at the NACA
indicate .that of the two aromatic emines whieh heve been considered
previously as edditlives, monomethyl aniline and mixed xylldines,
the former is somewhat more effective than the latter at both lean
end rich mixtures. This can be easlly seen in the following table
which 1a & comparison of the antikmock effectiveness of several
arometic amines tested in 28-~R fuel with the Wright R-1820 G-200

single oylinder.
Ratio of the IMEP of 98 percent 28~R plus
2 percent by weight aromgtic amine
to the IMEP of 28-R

O7 F/A  L10 F/A

| 28R Fuel o 1.00 1.00

N methyl xylidine 1.25 - 1.12
(mixed isomers)
¥ methyl toluidines 1,89 1.14
(75 percent p 26 percent e)
Xylidines (mixed isomers) 1.24 1.11
. N methyl aniline L . 1.36 . 1,15

This table also shows the effectiveness of N methyl toluidines,
especlally at lean mixtures, It is glso seen that the methyl xyll-
dines are only very little better than the mixed xylidines &s
indicated by the small-scale data.

cs-and MMA were used.in modest amounts during the past war
by both the:United Btetes and British Air Forces. CS was used in
approximgtely 1%.concentration with eithor 4.0 or 4.6 ml TEL per
gallon. in:Grades 98/130 and 99/130 aviation fuels under specifiloca-
tions AN-F=27 and AN-F~27a. The former specification was in. sffect
from July 10, 1943 until June 1944 snd the latter from this p01nt .
until the ond of the war. Grade $3/110 conteining 3% CS and 6.0 ml
TEL per gallon was given some consideration for use as a substitute
in treining operations within the.continental, United States. during
1944, After limited experimental flight testing this fuel wes found
not to be acceptable because of engine operating difficulties.

‘!l!!!!!!!kfﬁ
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€S was also used to a minor extent in the production of 100/150 -
aviation fuel, a specification originally drawn by the British in
Januery 1944. This specification level was sttained by using a
lead -content of 6.0 ml per gellon and by using 2.5% monomethyl
aniline or 3% CS.  Only & very small amount of CS wes ever used
inagsmuch &8 cepaclty in Englend to produce monomethyl eniline was
sufficient to fulfill requirements.

In all deses in the use of these fuels the antiknock effective~
ness displayed by CS or monomethyl eniline in the F~3 and F—4
engines was elther equaled or exceeded in full-scale engine operation.

General Suitability of Aromatic Amines

Volatility Characteristics. All arometic amines boil ebove the
AN-F~28e end point specification (338°F) and therefore can logically
be conslidered as high-boiling fuel conteminents. The Esso Labora=~
tories have mgde & study of the effect of xylidines (boiling at
420°F) on aviation gasoline voletility and have found a correlation
between xylidine concentration snd change in the ASTM 50 percent,

90 percent and end point temperatures, It was found that for each
one percent addition of xylidine, the ASTH 50 percent temperature
increases by 1-1/4°F, the 90 percent temperature increases by 7-1/2CF,
and the end point increases by approximetely 20°F. It can ve ssen
that xylidines exert the largest effect on ASTM Final Beiling Point;
however, thé effect is partially dependent upen the finsl boiling
point -of the giiation gesoline., Although the ASTM 90 percent point

. of zy¥idine is roughly 420°F, experience during the last war indi-

" cated thet a fingl boiling point requirement of 374°F on the total
fuel was not exceedsed. '

© There are indivations that the incresse in final boiling point

with the addition of xylidine exerts a dsleterioue effect on lead

- fouling susceptibility. Service records indicete that when e con-
centration of 6.0 ml TEL per gallon was used in conjunction with

. Xylidine end monomethyl aniline marked incresse in engine feilures
on tekeoff oceourred, particulasrly with liquid cooled engines. Recent

* gtudies by Professor G. G. Lamb, Northwestern University,. would
indicete that the fouling problem mey be aggravated by the high

_ boiling components not vaeporized completely during tlie combustion

" process. It is suggested that droplets of this higher bciling point
component probably form & nucleus in which part of the TEL remains
in liguid form end therefore is ineffective. Since the aromstic
amines which can logloally be considered from sn availability and
antiknock standpoint all boil from 380°F to 425°F, there is little
to choose betweéen these compounds from a volatility standpoint.

Solubility in Grsoline. Aniline is practioélly'insoluble in
paraffins et temperatures below Q°F, but the addition of alkyl

QRN
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groups incresses its solubility. This is especiglly true if the
alkyl group is attached to the nitrogen; 2 percent of N methyl
eniline will dissolve in a psraffinic fuel gt ~76 F. Insertion of
alkyl groups in the ring is much less effective. . Bolubility is
moreover roughly inversely proportional to freezing point, so that
ring-substituted para-toluidine and 4~amino-~ortho~-xylene, which

have freezing points far above aniline, are just about as insoluble,
A comparison of the gasoline solubility at -76°F of the three
aromaetic amines most commonly considered from sn availability stand-~
peint can be seen by en inspection of the following taeble, wherein
the psrcent by weight of amine which can be pdded to three representa-
tive gesolines is listed.

Aromatic~fres 65 O.N. gasoline
65 0.N. gasoline +15% aromstic AN-F-28
N methyl toluidines =10 - P10 =10
(75 percent p L -
25 percent o) !
Mixed xylidines ' 3.7 - =10 10, ..
N methyl aniline - 3.6 12(-80°F) =10

The fuel solvent has its expected effect; amines are far more'sbLﬁble
in eromatlos than in saturstes, and considerebly more: soluble in
nephthenes then in paraffins,

‘Poxicity. Amines are toxic materials. {8, MMa and the tolul-
dines have been manufactured and used industrially in.comparatively
small quantities for a long time and possess fairly well defined
toxic properties. As close relatives of the eniline group, it would
be expscted that the most severe effects would be methemoglobinemia
and oyanosis. It is against these two types of intoxication that
manufacturers have slways instituted safegyards, During the last
war when it appeared likely thei mixed xylidines would be used in
relatively large quantities as an additive to avistion fuels, it was
reaglized that a considerebls number of individuals pight experience
potential exposure end that, therefore, the hyglenic aspects of the
problem. should be made the subject of additional research by qualified
industrial toxicologists. Such studies were undertgken by the Division
of Industrial Hygilene of the U. 8. Public Health Service and by the
Kettering Laboratory of Applied_Ehypiolqu. Problems involving the
manufacture, transportetion, hendling.of the raw material in the form
of nitroxylene, storage and blending were considered. (Complete re-
sultg of the studies are available in the files of. the U. S. Public
Health Service.

,The aromatic emines cen be. absorbed into the human system in
identically the seme way as tetrasthyl lead althougn the physical
effects are entirely dissimiler. -Since this was the. case, the
recomended method of handling (S during the last wer vwas similar
to that of handling tetraethyl leed. Steps were feken to conduct
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the material in entirely closed systems throughout storage and
transfer. Transportation of the finished product from the manufac~
turing locations to the blending locations was in all cases by
means of tank cars having only top unloading commections to avoid
spills.

The research programs indicated thet little or no trouble from
the hygienic point of view would be expected from the handling of
finished fuel containing concentrations of 3% CS or less. It was
further recognized that all gasoline containing CS would elso con=
taln tetraethyl lead and that, for this reason, the extremely exacting
precautlons used in cleaning tenks which had contgsined leaded fuels
would suffice also for tenks which hed been used in the storage of
fuels containing both CS end tetraethyl lead.

The two resesrch organizations investigating the toxicological
effects of CS stated that while it produced a somewhat less severse
eniline effect than might have been expected, it would have a serious
effect upon the liver and, for that reason, uncontrolled exposure
might well have been extremely unfortunate. It is significant thet
relatively large quantities of CS were handled during the life of the
program during the last war and no case of CS poisoning was reported.
It seems logical to conocluds, therefore, thet the handling problems of
amines are not umsurmounteble since the toxicological effects of
those suitable for avigtion fuel blending should be similar to those
of €S and, under any circumstances, not more severe than those en-
countered with eniline.

Stability. Fuels containing sromaetic amines tend to be more
unsteble than the base fuel into which they are blended. This matter
was very carefully studied in comnection with the use of ¢S. This
material is subject tc oxidation by contact with air and to subse-
quent discoloration. This fector cgused no extensive difficulty in
itself since the addition of minute quantities of an approved avia=--
tion gasoline oxidation imhibitor and cereful hendling including storage
under a blanket of inert ges mainteined proper color betwesen the time
-of manufecture end the time of blending.

Storege tests of C8 blends were underteken under the suspices

.of the Coordinating Resegrch Council, CFR-AFD Gesoline Additives
#dvisory Group,. Reports have been issued under the title "1944 Desert
Storege Tests on Avietion Gasoline With end Without ¢S." It was
epparent that GS led. very, auostantlally to 1nstabllity‘and only a
small portion of the semples tested wes satisfactory beyond 12 months
storege under desert conditions. The severity of the storage condi-
-tlons in these: tests should be -considered in weighing the results

: obtained. e . .

[ . . . - .- . . ’ .
.Qver~Water storage. TWater solubility of en aviation fuel com=-
ponent is importent since stored gasoline is neerly always in contact
with waber. The distribution coefficient of CS is generally found
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to be in the range of 12 to 18 at 60°F. This figure decreases with
tempereture end aromaticity of the fuel into which CS is blended
and decreases with lowered pH values of the water. In ordinary
storage systems, when the gquantity of water. .is not large, the loss:
of 0S8 1s not very significant. :

However, the Services use guite extensively the so-called
Yaqua system" for working storags. Thie system involves displecement
of-the fuel in the storage system by water a8 the gasoline is uscd.
A~ somewhat similar system is used on alrcreft carriers but here
conditions are more favorable for water extrasotion of water soluble
material in the gesoline because of more or less constant motion of
the ship and resulting chenges in interfacial lsyors of water and
gasoline., Service tests aboerd an airoraft carrier revesled that
over a period of two weeks with two water changes the CS content of
the fuel decremsed by 207 with a corresponding loss of 10 performance
numbers in rich mixture rating.

Limited datae would indlcete that the distribution coefficients
for monomethyl toluidine, toluldine and monomethyl anllinc would be
lower and would decrease in that order.

Solvency Charscteristios.  Arometic amines have five to ten times
the solvent effect of aromatic hydrocarbons found in aviation gasoline.
Their use, therefore, would increamse the fuel's tendency to attack
rubber snd synthetic materials in the gircraft fuel system and also
in ground fuel dispensing systems. This solvency charaecteristic
ceused rether widespread difficulty in eircraft eguipment during the
last war, especially vwhen CS or MMA was used in 3% concentrations.
Trouble was experienced in verying degrees of severity with tank liner
patching material and other synthetie or rubber substitute materials
in mocessories such as selector valves and carburetor diaphragms in
the fuel induction system. Improvemébnts mede during the last war and
subsequent improvements in the solvent resistant chsracteristics of
synthetics reduces the possibility of difficulty with present-day elrcraft.

Freezing Point, Arometie -amines have freezing points substane
tially higher then aviation fuel. However, mixed xylidines, methyl
toluidines, toluidines and monomethyl aniline can be used in concen-
trations up to 3% without significant difficulty 4in meeting the cur-
rently specified freezing point of ~769F., While such -fusls moet the
laboratery freeztng'p01nt specification, it is open to qudstion as to
whether the fuels may not slow e greater fllter clogglng hendenoy
then will straight hydrOOarbon fuel.

General Engine Performance. General engine performance dats are
available only on aviation geeoline hlends containing xylidines and
monomethyl aniline, Although nearly 11,500,000 barrels of (rads
98/130 conteining 1% CS and over 7,000,000 baxrels of Grade, 99/130
containing 1% CS were used ‘during the last war there are but few
official reporte ‘giving actual flight experience with CS ‘fuels,
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Grade 100/150 whioch was used in England by both British end Americen
Air Forces contained 6.0 ml TEL per gellon and either 2,57 MMA or

3% CS. By fer a lerger portion of the fuel was blended with MHA.

No sccurate records ere aveilable on the production of this type of
fuel although it is bslieved thet gt times ‘it amounted to as much

ag 10 to 12 thousand barrels per dey. It is reported that it found
extensive use in interceptor airoreft and was alsoc used in Army Alr
Forces equipment sccompanying bombers on long-range mlssions ovsr
Germany, -

- Some records are avallable which .indicete that .difficulties were
encountered thet could be related to the physical and chemicgl char-
acteristics of the amines. Thess were apprscisbly more numercus in
fuels that contained 3% CS and 6.0 ml TEL per gallon. It was generally
conceded that fuels contesining emines were adversely affected similar
to any fuel wlth a high aromatic content by high mixbure temperatures
such as those encountered in long-range cruising operations in bomber
escort missions. TUnder these conditions excessive spark plug gap . -
wear and fouling were reported. There was some evidence although not
conclusive thet emines, perticularly (S, contributed to carburetor
fouling, piston ring scuffing and sticking and piston head burning.

More precise records were kept on Service tests conducted on
Grade 93/110 containing 3% CS and 6.0 ml TEL per gallon. Increased
velve and piston deposits were found here, a condition to vhich the
edded emount of tetraethyl lead undoubtedly also contributed, -
Service  and meintensnce records seem to indicete that asiroraft engines
and asccessories manufactured for the Royal Ailr Forces were less sus-
ceptible to the deletsrious effects of amine asromatics. It is under-
stood that numerous changes were made in Americen aircraft et British
bases utilizing this fuel so that, according to some reports, it
caused no more mechaenical troubles or servicing difficulties than did
Grade 100/130.

The inoressed depositing tendencies occurring with the use of !
aromatic amines can. probably be asttributed in part to their vola-
tilityx. The. deposite are of the varnish end sludge type rether than
the type produced by tetracthyl lead. . The NACA has investigated the
effect of low carburetor air tempersture upon engine operetion with
a fuel ‘containing asoout 3;4 of high boiling component and found appre-
clable evidonce of lncreased gmounts. of incompletely burned fuel
residue trensferred to the lubricating oil by the blow-by fuel geses
pa381ng the piston rings.

- The tendenoy of an enginﬁ utllizing ‘fuel containing arometic
amines to have ring sticking troubles seoms definitely to increass
altogether apart from any ring-sticking effect rosulting from increased
permissible power output. There is some ovidence, howsver, to indi-
sate that with regard to aludge end ring sticking concentrations of
ardmatic amines up to a% cgn tolerated. '
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Addition of aromatic amines to -any given fuel increeses the
tendency to preignition. This was -a significant difficulty with
the Rolls-Royce Merlin in British service using Grade 100/150 fuel,
Substantially, hewever, difficulty with preignition is ths result
of lncreased fuel sensitivity and eother components producing egqual
sensltivity would produce in gemsral simllar reductions in resistance
te preignition tandency.

There eppear to be no contrary indicetions whatsoever to the
statement thet aromatic emines do contribute markedly to improved
performance in full scale engines in service when opersting under
rich fuelwsir mixture conditions,

Potentlal Availability of aromatic Amines

The foregoing discussion has indioasted that mixed toluidines,
mixed xylidines, and monomethyl derivetives of aniline, teluidine,
end xylidines {C8) do possess known valueble properties as aviation
fuel additives. - This seoction will disouss the manuiacturing amspects
of these mpterials and present estimates of the basic raw matorial
needs associeted with the manufecture of lergs amounts for exten=
sive use in militery aviation gasolines,

Preferred Processes, The normal method for making primary ero-
matic amincs (e.g., &niline, toluidine, xylidines) involves nitra~
tion of the co:iresponding aromatic hydrocarbons followed .by reduction
to produce the amine,: This method is currently used te produce
eniline and was usod in the last war to produce xylidines. An
alternative method is to chloringte the hydroesrbon and then treat
the resultent product with.emmonie., However, to produce 5,000 to
15,000 barrels per dsy of amine would require on the order of 200,000
te 700,000 tons ¢f chlorine annually, or from ons-sixth to one-half
of the country's 1944 production., In vliew of the large usc of
electric powsr whioch chlorine manurecture entails and the- fact that
its production is tied tq that of ceustic soda, expansion of chlorine
papaoclty would probably be guite difficult, On the other hand, it
appears that nitric acid capecity could be revadily expaended, and
the niltration process is therefore considered more stiractive.
Hydrogenation cepaclty similer to thet used for ithe manufacture of
€8 during the last war could be mede availabls quite raadllj for the
reduction of the nitro intermediates.

The menufwnoture of the monomethyl derivetives of the primsry
emines 1s ot present cqrried out only on & quite small socale. To
maintain the quality of the product as:an sviation gasoline addi-
tive it would be essential to keep contaminstion . by the dimethyl
component to a minimum. Three processes appsar to.be potentially
applicable. The first process invelves the condensetion of for-
maldehyde with the amlne under hydrogenation oconditions to produce
an essentielly pure mono substltuted product. The second involves

“N—
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condensation of methanol with the emine followed by separation end
recycle of the disubstituted by-product to the resction. The known
chemical separation steps require & large use of chemicels. This
latter procsdwre was used in .mug.l.a,uu. utlfl@ the last war gquite
successfully. The third involves an improved process now indicated
to be available which involves the catalytic methylation of the
amine in the vepor phase. This procedure has not besen developed
beyond the pilot plent strge end would, therefors, reguire a more
thorough evaeluation. Pending this it does, however, appear to be
the most attractlwe method of producing tho monomethyl derivatives,

It should be pointed out that one of the adventages of xylidines
is the eliminetion of the methylation step in the production process,

Raw Materisl Requirements. Regardless of the process.used in
the manufacture of MMA, snaline is required as & raw mgterisl. This
chemicsl is in turn, derived from benzene, The lack of evailability
of benzene under emergenoy conditions is, therefore, an important
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howsver, that should MMA sppear to be far more attractive than other
sromatic amines from the utilization stendpoint, some benzene might
®e made avelleble from the indicated suppliss by substituting other
aromatic¢s and other materials for benrzene now assumed to be sllocated
to other essentisl usss. Further, additional amounts of benzene
might be mede available, undoubtedly at e substentiel cost above °
the normal merket value, by the dehydrogenation of oyeclohexene

and methyleyclopentane obtained by the fractionetion of selected
gasoline stocks, Fecilities for these operrtions would have to be
congtructed, Methenol, required in the methylation step, ocould
undoubtedly be maede available in the quantities regquired.

It can be assumed that at least 1.2 to 1.5 volumes of benzene
would be required for each volume of MMA produced.

The basic rew mrterianls required for mixed toluldines would be
toluene, nitric acid, and hydrogen. No toluene would be aveilable
for gviation fuel purposes certainly during the early stages of
emergency. Additional production facilitles would have to be
installed to dbtain tolusne either by extraction from certein
catalytically orascked fuels or by a combined hydroforming and extract-
ion operation, Mitric moid, hydrogen, and the fecilities for the
nitration and reduction steps are svaileble to s degree and could
undoubtedly be expanded rapidly.

It can be essumed thet approximately l.4 volumes of toluene would
be required to produce one volume of mixed toluidinss.

The baesio raw msteriamls required for monomethyl toluldine would
be toluene, nitric soid, hydrogen end mesthanol, #Hpproximately le.4
volumes of toluene would be required for the toluidine intermediate
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ond since the methyl-tion step is met. quentitctive, toluone require-
mend;s- would probably be somewhat higher then in the cese ol pro-
ducing toludlne itself. Nitric =mcid, hyﬂrogan, and. methanol
requirements could undouhtedly be met,. . .

The basic raw,matarlalp requlred for the production of mixed
xylidines would be xylene, nitric acid, and hydrogen. - Among benzene,
toluene, and xylene the lstter would be most readily obteinsble
under emergency conditions. During the last wer &rrangements were
mgde to provide spproximetely 2500 berrels per day &s & by-prpduct
from toluens menufeciure, This guantity could be readily supplemented
by the addition of frectionation and exbrection fecilities- to
process gataylticrlly cracked stcocks thet probably would not oth.erwise
be reguirgd in the evietion gascline program. : .

From the stgndpolnt of pverrll raw meterial roquironents angd.
processing reguirements, mixed xylidinus (CS) cqg;gmundoubtedly be
most reedily supplied in cese of an emergency. The following teble -
indicetes the sstimrtoed basic raw meterinl requirements for pro- «
ducing verious arometio nmlnes at a 1000 brrrel per-dey production
reteg . g . .

Approx1mrte Rew Material Requirements for Producing
_ 1000 B/D of Vnrlous Pro:xtlc fmines :

Honomethyl aniline

Bonrene ' 1,406 B/D
Nitric Acid (100%) | .. . . 180 ton//b
“fethrnol o © 18,000 gel/D
Hydrogen ' 7 nillion fts/b
Toluidines . . R
Toluene . ’ oL, 420 B/D ’
Nitrie Acid (100%), , .. 147,5 tons/D
Hydrogen e . 5.3 hllllon ft?/ﬂ
Mbnomethyl Toluidines, . _';'
Toluone .' ot 1,500 B/D
Nitric Acid (100% 5" 160 tonse D.
Methanol T 18,J00 gal/D " 3
Xylidines ' LT e s } L
Xylene. . Wt e 1 400 B/b
. Nitric .Acid (1007) . R ¥-1 tons/b
Hydrogen. ... . ~.. . .7 77 46ruU4m1ﬁ,m



